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Abstract – In our group the discontinuity factor corrected diffusion method with the 

homogenization technology was developed and applied in the control rod worth 

calculation of the pebble bed high temperature gas cooled reactor. But the result for 

strong absorber with normal procedure is not accurate enough. The numerical 

analysis shows that the strong absorber still has great influence on the flux 

distribution in the nearby graphite region, the flux distribution obtained by the 

normal diffusion method can’t agree with the transport result. Thus, two 

improvements were proposed in this paper. First, instead of the neutron flux in the 

middle of the fine mesh, the surface flux of the absorber region was calculated 

through the net current in the boundary of the region; and then, besides the 

discontinuity factor of the homogenized absorber region should be calculated, the 

discontinuity factor of the neighboring graphite region in the other side of the 

interface should also be calculated, to eliminate the influence of the strong absorber. 

The numerical results demonstrate that, based on the improved method, the 

accuracy of heterogeneous transport calculation can be achieved in the framework 

of diffusion calculation. 
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I. INTRODUCTION 

 

Since the long neutron migration length in 

graphite which is the main structure material in the 

pebble bed high temperature reactor (HTR), the 

diffusion theory with the homogenization technique 

is suitable for the neutronics calculation of the HTR 

core. This is true for almost all of HTR engineering 

design tools such as VSOP. However, the control rod 

systems located in the side-reflector of the modular 

pebble bed HTR, this characteristics results in the 

strong flux depression and leakage near the control 

rod region. The calculation of the control rod region 

in a mere conventional homogenization technique 

with the diffusion theory is not enough to achieve 

acceptable accuracy. On the other hand, the 

application of the transport method for full core 

calculations is limited due to its time and memory-

consuming feature[1]. 

To achieve the higher accuracy for control rod 

calculation in the framework of diffusion theory, in 

our group in INET of Tsinghua University the 

discontinuity factor corrected diffusion method 

combined with special homogenization procedure 

was developed [1,2,3,4]. This method overcome the 

problem encountered in the homogenization of the 

absorber region, and achieved a better accuracy 

compared with the conventional diffusion calculation 

with normal homogenization. However, as the 

numerical results shows below, for the stronger 

absorber such as the small absorber ball region, this 

procedure can’t reach same accuracy as in other 

cases. Thus, this paper tries to propose some 

measures to further improve the calculation accuracy 

for strong absorber. 
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II. THE DISCONTINUITY FACTOR 

CORRECTED DIFFUSION METHOD 

 

The discontinuity factor corrected diffusion 

method is a combined transport-diffusion method 

cooperating with special homogenization technique. 

The procedure for homogenization and discontinuity 

factor calculation are listed as following[1,3]: 

The reactor core was subdivided into 30 sectors 

in azimuth direction in the case of HTR-PM design; 

each sector may contain one control rod or small 

absorber ball system (SAS). There are four types of 

one-sector model as illustrated in Fig. 2 in 2 

dimensional (R,) geometry. The one-sector model 

in R-θ geometry with reflective boundary conditions 

in θ direction are set up with the detailed structures 

of rods or SAS systems. 

For each one-sector model, based on the discrete 

ordinate transport solution, the flux-volume weighted 

homogenized cross-sections of the absorber regions 

can be obtained. After that, a fixed-source diffusion 

calculation for the homogenized absorber region is 

performed, to determine the discontinuity factors in 

the boundary of the absorber regions[3]. Finally, 

these homogenization parameters of the absorber 

region are put into the 3 dimensional (3D) or 2D 

whole core diffusion model with discontinuity factor 

corrected. The numerical results proved the method 

was feasible in the engineering design for its 

accuracy and low computation cost. 

 

C1

C0

K1

K0
 

Fig. 1: One-sector models with different types of 

absorber system.(C1):the model with control rod; 

(C0):model with empty control rod; (K1):model with 

small absorber balls; (K0):model with empty small 

absorber balls. 

 

Taking the 2D one-sector model in cold 

shutdown condition as an example, in this case four 

different types of models including C0, C1, K0, K1 

are calculated. The eigenvalue of each model is 

listed in Table 1. From Table 1, it is obvious that the 

results obtained by the discontinuity factor corrected 

diffusion method(denotes as Cit-dis) is closer to the 

transport reference result (denote as Sn), compared 

with the conventional diffusion method (denotes as 

Cit-hom, without discontinuity factor correctness). 

Comparing the results of different models obtained 

by Cit-dis to reference Sn result, the errors of model 

K1, which means that all small absorber balls are in 

the core position and therefore contains strong 

absorber because of larger area of small absorber 

ball region, is bigger than that of the other models 

which either has no absorber in the core position or 

just with control rod which absorb less neutron than 

the small absorber ball system. The discontinuity 

factor corrected result still have a relatively big 

deviation (more than 0.1%) from the transport 

reference result. 0.1% error between transport 

calculation and diffusion calculation may be 

acceptable for engineering design, but it deserve 

more research for academic reason. These results 

show that, though the corrected method improves the 

conventional diffusion results to a big extent, there 

still have room for improvement in the discontinuity 

factor corrected diffusion method. 

model C0 C1 K0 K1 

Sn 1.06966 0.96124 1.07304 0.94721 

Cit-hom 1.07274 0.96053 1.07324 0.95205 

err 0.00308 -0.00071 0.00020 0.00484 

Cit-dis 1.06972 0.96046 1.07276 0.94495 

err 0.00006 -0.00078 -0.00027 -0.00226 

Table 1: The eigenvalues of the 1/60 sector model 

 

Ⅲ. TWO IMPROVEMENTS OF THE 

DISCONTINUITY FACTOR 

 

Ⅲ.A. The Calculation of the Surface Flux of the 

Absorber Region 

 

Normally, the discontinuity factor of the 

boundary of the homogenized region should be the 

ratio of the heterogeneous flux distribution from 

heterogeneous transport model to the homogeneous 

flux distribution from homogenized diffusion 

calculation for the homogenized region as expressed 

by Equation (1). 

i
i

i

f









                                                         (eq.1) 

Where i




 represents the homogeneous surface 

flux in mesh i, and i

 is the heterogeneous flux, 

if


 is the discontinuity factor in the boundary. 

In the procedure to calculate the discontinuity 

factors of the absorber region as described above, 

the heterogeneous flux distribution was obtained by 

the transport discrete ordinate code-SN2D, which 

was developed by INET. Simultaneously, the 

homogeneous flux distribution of the same region 

was calculated by a revised version of CITATION 

with a special boundary condition derived from 
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transport calculation, which is a fine-mesh finite 

difference diffusion code. In the spatial discretization 

of the models performed by the two codes, the 

meshes are represented by the middle points[4]. This 

treatment is suitable for most cases. However, in the 

procedure of calculating the discontinuity factors, the 

flux of the edge mesh is not the accurate value 

represents the boundary of the homogeneous region, 

especially for the case of strong absorber region 

which results deep flux gradient. This is the 

limitation of the computation tools. 

In theory, if there is small net current in the 

surface of the homogeneous region, the flux of the 

mesh in the middle point and the flux in the surface 

is almost same. However, if the surface of the region 

has large net current, the two values are different. 

For the models have strong absorbers, the value of 

the mesh can't describe the flux in the boundary 

exactly, as illustrated in Fig. 2. 
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Fig. 2: The difference between the flux of the mesh 

and the surface flux 

 

In theory, the surface flux and the mesh point flux 

also satisfy the finite difference expressed by 

Equation (2).  

 1 1

1

1

( )s L
J

D

 




                                              (eq.2) 

Where, J is the net current in the boundary of the 

absorber region; s is the surface flux of the mesh; 

1  is the flux in the middle of the mesh; 1D  is the 

diffusion constant of the mesh; 1L  is the length of the 

surface; 1  is the distance from the middle point to 

the surface; 

To improve the accuracy of the discontinuity 

factor calculation, following improvement is 

proposed: based on the net current of the boundary 

and the flux of the mesh, the surface flux of the 

homogeneous region must be obtained by equation 

(3). Meanwhile, the neutron leakage of the absorber 

region should keep the same as the net current of the 

transport model. Then the discontinuity factor can be 

calculated by the surface flux. 

1
1

1 1

s J
L D


                                               (eq.3) 

This improvement is easy to be implemented, 

with a little extra code and little extra calculation 

time. The performance of this method is verified by 

several numerical experiments, and the results are 

listed in Table 2 in Section 4. 

 

Ⅲ.B. The Discontinuity Factor of the Neighbor 

Non-Absorber Region 

 

Based on the general homogenization theory[5], 

the flux discontinuity relationship of the flux for 

diffusion homogenized model in the interface of the 

two meshes can be expressed by Equation (4) and 

(5). It is clear that the discontinuity factor in the 

boundary is relevant to the both assemblies lies in 

two sides of the interface. 

1 1i i i if f   

  
 

                                            (eq.4) 

Where 1i






 and i




 represent the 

homogeneous surface flux in the interface of the 

neighbor mesh i and i-1 respectively, 1if


  and if


 

are the discontinuity factor in the two sides of 

interface, as illustrated by Fig. 3. 
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Fig. 3: The grid discretization scheme 

 

In the finite difference equation used in the 

discontinuity factor corrected diffusion method, the 

discontinuity factor are used in terms of 1,

x

j ig   as 

represented by equation (5)[4]. 

1, 1, ,

x j j

j i j i j ig f f 

                                           (eq.5) 

Where 1,

x

j ig  is another form of the discontinuity 

factor, and is represented as ratio of 1if


 and if


, this 

value can reflect the discontinuity relation of the flux 

in the interface of the two assemblies. From this we 

can deduce, if two identical assemblies are arranged 

symmetrically, the two discontinuity factors 

1if


 and if


 are identical. Thus, the correction of the 

discontinuity factors expressed by equation (4) will 

have no effect. 
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From the procedure listed in section 2, it is clear 

that only the discontinuity factor in the boundary of 

the absorber region was calculated before, it 

modified the difference between the heterogeneous 

model and the homogeneous model. So the 

discontinuity factor corrected diffusion results are 

better than the convenient diffusion method with 

pure flux-volume weight homogenization cross 

section. However, the discontinuity factor in the 

other side is ignored, since the neighbor meshes only 

contains sole graphite, there is no need to be 

homogenized again, and the discontinuity factor are 

assume to be 1 according to normal understanding of 

discontinuity factor definition. 

If the homogenized region doesn't contain strong 

absorber, the normal discontinuity factor of the 

homogenized region is enough. And the discontinuity 

factor in the nearby graphite region is set to 1.0. 

There is no need to calculate it additionally. Whereas, 

if the homogenized region contains strong absorber 

like model K1, it will influence the flux distribution 

in the distance of several mean free path length. 

Generally, for the distance of 5cm in the graphite 

system, the flux distribution will be influence by the 

strong absorber[6].  

Thus, for the region nearby the strong absorber 

region, the neutron net current of the mesh boundary 

is very large. Though the neighbor mesh of the 

absorber region need not to be homogenized, and 

contains no neutron absorber material as well, the 

flux distribution obtained by the diffusion model and 

the transport model are different from each other. 

This phenomenon can be considered to be the 

difference between the diffusion results and the 

transport results under the influence of the strong 

absorber. Thus, this difference should also be 

corrected, by means of specially defined 

discontinuity factor. 

Taking the model K1 as example, since the small 

absorber ball structure is very close to the graphite 

region and occupy large area within the target 

homogenization region, the strong absorptivity 

impacts the flux distribution of the nearby graphite 

region intensively. In the strong net current boundary 

condition, that the net current is the same as the 

heterogeneous transport model, the flux distribution 

of this region can be calculated by a fixed source 

diffusion model. Fig. 4 and Fig. 5 shows the thermal 

flux distributions of the graphite region nearby, the 

two curves represent the diffusion and the transport 

results respectively. Fig. 4 is the flux distribution in 

the middle of the region along the radial direction. 

Meanwhile, Fig. 5 represents the flux distributions 

close to the absorber region along the 

circumferential direction. The two figures indicate 

the difference between the diffusion and the 

transport model with same net neutron current 

boundary condition clearly. In this case, it is 

necessary to define and calculate the discontinuity 

factor in the nearby graphite region, to correct the 

difference, by using eq.1 again, but 
i




 represents 

the surface flux from diffusion calculation with same 

net neutron current in outer boundary, and i

 is the 

reference transport flux for region which is 

homogeneous graphite already.  
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Fig. 4: Difference between transport calculation and 

diffusion calculation of the thermal flux in graphite 

region along  R direction 
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Fig. 5: Difference between transport calculation and 

diffusion calculation of the thermal flux in graphite 

region along θ  direction 

 

The discontinuity factors in the graphite region 

and the absorber region should be used together in 

whole core diffusion calculation. 

 

Ⅳ. THE NUMERICAL VERIFICATION 

 

Ⅳ.A. The Procedure of the Improved Method 

 

Based on the two improvements described above, 

the new procedure of the improved method is 

proposed as follow: 

 For each type of 1/60 sector reactor core, the 

model with 2-D detailed heterogeneous structure 

is solved by transport code. The homogenized 

flux-volume-weighted cross-section (FCS) could 

be obtained for the homogenized control rod or 

small absorber ball region. 

 For the homogenized control rod or small 

absorber ball region, based on the FCS of this 

region and the boundary neutron leakage that is 
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extracted from the transport results, modeling 

the homogenized region using the revised 

CITATION to perform the fixed source 

calculation. The discontinuity factors 
af  for the 

absorber region can be obtained by Equation (2). 

 Similar to step 2, the graphite region nearby the 

absorber region should also perform the fixed 

source diffusion calculation with the same 

boundary neutron leakage that is extracted from 

the transport results, then the discontinuity 

factors 
bf  of this region can also be obtained by 

Equation (2). 

 Calculating the ratio of the two discontinuity 

factors g in the boundary of the absorber region 

by Equation (5). 

 Solving the 1/60 sector homogeneous model by 

diffusion code, with all homogenized regions 

being represented by FCS and the boundary 

discontinuity factors g obtained from step 4. 

              

Ⅳ.B. Demonstration of the Accuracy Improvement 

 

In order to demonstration the effectiveness of the 

improved method, the same 2D reactor core model 

as mentioned in Section 2 is taken in the numerical 

verification. Solutions are obtained for the four 1/60 

sector core models, including C0, C1, K0 and K1 as 

illustrated in Fig. 1. 

And for each model, four types of calculation are 

performed. The reference solutions of the 

heterogeneous models (denoted as Sn), are obtained 

by the transport method; then the normal 

discontinuity factor corrected diffusion solutions 

(denoted as Cit-dis) are carried out, applied for the 

homogeneous model and the original discontinuity 

factors mentioned in Section 2. In the rest two 

calculations, the homogeneous model is performed 

by the discontinuity factor corrected diffusion 

method as well. However, the discontinuity factors is 

corrected by the improvements mentioned in Section 

3. In the third calculation (denoted as Cit-dis1), the 

discontinuity factors are calculated by the surface 

flux distribution; while, based on the third 

calculation, the discontinuity factors of the fourth 

calculation (denoted as Cit-dis2) are further 

corrected by the discontinuity factors of the nearby 

graphite region. Moreover, all the corresponding 

models employ the same energy group and mesh 

structure. 

 

 The eigenvalue results 

For each model, four eigenvalues can be obtained. 

In Table 2, all the 16 different eigenvalues are listed.  

 

model C0 C1 K0 K1 

Sn 1.06966 0.96124 1.07304 0.94721 

Cit-dis 1.06972 0.96046 1.07276 0.94495 

err 0.00006 -0.00078 -0.00027 -0.00226 

Cit-dis1 1.06985 0.96063 1.07287 0.94591 

err 0.00019 -0.00061 -0.00017 -0.00130 

Cit-dis2 1.06990 0.96093 1.07298 0.94680 

err 0.00024 -0.00031 -0.00006 -0.00041 

Table 2: The eigenvalue results of 1/60 sector model 

 

Taking the SN-results as the reference solution. 

For model C1 and K1, the difference between the 

Cit-dis1 results and the Cit-dis results indicate the 

correction of the surface flux distribution instead of 

the mesh flux distribution. Since the K1 model has 

stronger absorptivity, so it still need to be corrected 

by the discontinuity factors of the nearby graphite 

region. And the corrected effectiveness is reflected 

by the difference between the Cit-dis2 result and the 

Cit-dis1 result for model K1. 

Comparing the results of the Cit-dis2 and the Sn, 

the results of Cit-dis2 is very close to the reference 

results Sn, the error of each model is much less than 

0.1%. The two improvements correct the deficiency 

existed in the original discontinuity factors corrected 

diffusion method, especially for the model with 

strong absorber. It is clearly demonstrated that the 

two improvements are both effective and feasible. 

 

 The flux distribution 

The maximum relative deviations of the flux 

distribution nearby the homogenized region between 

the Sn results and the Cit-dis2 results is listed in 

Table 3. There are the inner region and the outer 

region respectively. 

 

Model 
 The Relative Difference（%） 

Grp. 1 Grp. 2 Grp. 3 Grp. 4 

C0 
Inner 2.75 0.64 0.17 0.19 

Outer 3.49 1.56 0.97 0.05 

C1 
Inner 1.82 0.41 0.05 0.11 

Outer 2.68 1.20 0.57 0.07 

K0 
Inner 2.52 0.48 0.04 0.17 

Outer 3.12 1.41 0.88 0.08 

K1 
Inner 1.92 0.80 0.92 4.84 

Outer 2.77 1.44 0.82 0.30 

Table 3: The flux deviation in 1/60 sector model 
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In regard to the flux distribution shown in Table 

3, the results of the improved method Cit-dis2 

accord very well with the reference distribution SN. 

The relative differences of the flux distribution 

nearby the homogenized region is less than 5%, this 

is an encouraging results since this is a quite small 

difference exists in the two different method. 

 

V. CONCLUSION 

 

The calculation of control rod in HTR with 

diffusion method requires special consideration, 

discontinuity factor corrected diffusion method is 

one of the solution. But for the strong absorber 

region such as small absorber ball system, taking 

transport calculation as reference, the accuracy is not 

as good as the case with weaker absorber. The reason 

is the strong absorber results in the neutron sharp 

flux depression close to the absorber region. And the 

diffusion deviation, or the neutron transport effect, 

go beyond the homogenized absorber region. This 

paper proposes two methods to further improve the 

accuracy of the discontinuity factor corrected 

diffusion method. 

The improvements is proposed on the basis of the 

theory of discontinuity factors. First, instead of the 

flux distribution in the edge mesh of the boundary, 

the surface flux in the boundary of the homogeneous 

region are used to calculate the discontinuity factor. 

Second, the discontinuity factors in the nearby 

graphite region, which is homogenous already, 

should also be defined and calculated to eliminate 

the influence of the strong absorber on the nearby 

graphite region. 

Taking the Sn-solution for the heterogeneous 

core model as reference, the paper shows these two 

improvement over discontinuity factor corrected 

diffusion method further improve the accuracy 

greatly, even for the strong absorber region, which 

normally is not suitable to be solved by diffusion 

method. In summary, the application of the improved 

method in the HTR physical analysis is very 

attractive in respect of accuracy and the flexibility of 

the application. 
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